The identification of tyrosinase inhibitors is important, not only for the treatment of skin hyperpigmentation disorders, such as melasma, but also for the production of cosmetic whitening effects. The aim of this study was the in silico prediction of the naturally occurring lead compounds in three commonly used skin-whitening herbs: Ampelopsis japonica, Lindera aggregata, and Ginkgo biloba. The active ingredients responsible for the whitening effect of these herbs remain largely unknown. The tyrosinase binding affinities and skin permeation, skin irritancy, and corrosive properties of 43 natural constituents of the three herbs were predicted by docking simulations using Surflex-Dock and the QSAR-based Dermal Permeability Coefficient Program (DERMWIN TM ) and Skin Irritation Corrosion Rules Estimation Tool (SICRET) implemented in Toxtree. Nine constituents of the three herbs were found to have more advanced binding energies than the gold standard whitening agents, arbutin and kojic acid, but 40 were indicative of at least one skin sensitization alert, and many exhibited poor skin permeability. Linderagalactone c and (+)-n-methyllaurotetanine were found to have the strongest prospects for use in topical formulations, as they achieved high predicted tyrosinase binding scores and displayed good skin permeation properties and minimal potential for skin sensitization and irritation.
Most hyperpigmentation disorder treatments are based on the interference of melanin synthesis and primarily target the inhibition of its rate-limiting enzyme, tyrosinase [1] . Many commercial skinwhitening agents contain one or more tyrosinase inhibitors, most of them of natural origin. Kojic acid from Aspergillus niger [2] , arbutin from Arctostaphylos uva-ursi (bearberry) [3] , and tiliroside from raspberry [4] , for example, are natural tyrosinase inhibitors for cosmetic and pharmaceutical use. Herbal medicines may be regarded as an abundant source of bioactive chemicals, and traditional Chinese medicines (TCM) are increasingly being used in a variety of treatments, including skin-whitening treatments [5] . Their growing popularity is due primarily to their long history of use and their good safety profile. Research indicates that 61% of the drugs discovered between 1981 and 2006 were developed on the basis of lead compounds extracted from natural sources, which demonstrates the significance of these compounds in drug design [6] . Recent studies revealed the superior antityrosinase activity of several TCM formulas and herbal extracts compared with the best known effective tyrosinase inhibitors, arbutin and kojic acid [7, 8] . However, the potency of their various constituents remains unknown.
In modern rational drug design, computer simulations are often used to predict the protein-ligand binding affinities and drug-like properties of potential drug candidates. In the study reported herein, the docking module of the SYBYL-X 1.3 program Surflex-Dock [9] , the QSAR-based simulation program Dermal Permeability Coefficient Program (DERMWIN TM ), and Toxtree were used to analyze the binding scores and skin permeability, sensitivity, and irritancy of 43 constituents of three common skin-whitening herbs: Ampelopsis japonica, Lindera aggregata and Ginkgo biloba. The 43 constituents included all ingredients of the three herbs identified in the TCM Database@Taiwan [10] (see Tables 1, 2, and 3 ).
The study's target enzyme was tyrosinase (EC 1.14.18.1), which is widely distributed in nature, including in mammals, vegetables, fruits, and mushrooms. Its most notable properties are the ability to catalyze the oxidation of tyrosine, which leads to the production of the dark macromolecular pigment melanin, and to initiate mammalian melanogenesis and fruit rusting [11] . The formation of abnormal melanin can be triggered by UV radiation, and excessive exposure leads to pigmentation disorders. Clinically, tyrosinase inhibitors have been used as treatments or preventatives for hyperpigmentation disorders, and they are also present in many cosmetic whitening products [11] . In addition, L-dopa, a precursor to the neurotransmitter dopamine, has also been identified as a substrate of tyrosinase, and studies have suggested its relationship with dopamine-related neurodegenerative diseases, including Parkinson's disease [12] . Numerous experimental and theoretical studies of tyrosinase are currently underway.
A variety of methods have been developed to inhibit the activity of tyrosinase and the production of melanin by targeting different steps in the melanin formation pathway, including use of (i) a dopaquinone scavenger that reduces the rate of melanin production by reacting with dopaquinone to form colorless products; (ii) reducing agents that cause the reduction of dopaquinone to dopa; (iii) acids or bases that denature tyrosinase; (iv) the irreversible substrate of tyrosinase; and (v) reversible tyrosinase inhibitors [11] . The last of these is the basis of most melanin inhibition, and is our focus here.
Numerous tyrosinase inhibitors have been identified in both natural and synthetic sources. However, each has its own disadvantages. For example, kojic acid has a low degree of effectiveness, and hydroquinone and arbutin are photosensitive [13] . These disadvantages have prompted demand for a new inhibitor with a high degree of efficacy and safety.
The first crystallographic structure of tyrosinase was established by Matoba et al. [14] . It is a copper-containing metalloprotein complex with a 'caddie' protein, ORF378, and was isolated from Streptomyces castaneoglobisporus. Its structure features a hydrophobic protein pocket adjacent to the dinuclear copper-active site (CuA and CuB), in which CuA coordinates with the three nitrogen donor atoms from His38, His54, and His63, and CuB binds to His190, His194, and His216. With regard to the production of melanin pigments, different types of dinuclear active centers have been identified and are considered as met-or oxy-. Met-tyrosinase contains two tetragonal Cu 2+ ions coupled through an endogenous bridge ( Figure 1A ), whereas its oxygenated form (oxy-tyrosinase) comprises two tetragonal Cu 2+ ions bound to two oxygen atoms ( Figure 1B ). Both forms of tyrosinase have produced significant results in docking experiments [14, 15] . As no experimental crystal structures are available for human tyrosinase, the current study employed a theoretical homology model retrieved from the ModBase database [16] . The aim of this study was to identify tyrosinase inhibitors from herbal ingredients that may eventually be used as topical products on human skin. Skin acts as a barrier to prevent xenobiotics from entering the bloodstream, although compounds with specific physicochemical properties can penetrate that barrier. Common transdermal drug delivery systems formulate drug molecules in a specific manner to penetrate the stratum corneum and epidermis, resulting in systematic pharmaceutical effects. Ideally, drugs aimed at the topical level require minimum systematic absorption to prevent unnecessary adverse reactions, while at the same time featuring a reasonable balance between lipophilicity and hydrophilicity to allow them to reach the site of action. Hence, investigation of the percutaneous absorption of topical formulations is always necessary. In this study, DERMWIN [17] , which was developed by the U.S. Environmental Protection Agency, was employed to predict the octanol/water partition coefficient (K ow ) and permeability coefficient (K p ) values of the 43 herbal ingredients under study.
Skin-whitening therapy or hyperpigmentation treatment for a healthy adult may last several months or even years, meaning its active ingredients have direct contact with the skin for a significant period of time. Therefore, a reliable prediction model of skin sensitization, irritation, and corrosion is necessary. Traditionally, shaved young adult albino rabbits have been used for this purpose. As doing so may cause severe discomfort and pain to the animals, however, a number of alternative methods have been developed, including in silico and in vitro methods. Three-dimensional skin models and reconstructed human epidermis models are widely used and are commercially available in a variety of brands, including EpiDerm TM from the MatTek Corporation and EpiSkin TM from SkinEthic Laboratories. Another inexpensive alternative is the use of quantitative structure-activity relationships (QSARs) derived from skin irritation data and physicochemical information, such as octanol/water partition coefficients, molecular volumes, melting points, and pKa from various organic species, including acids, bases, phenols, electrophiles, and the like. The obvious advantage of QSARs is that they are inexpensive and fast, particularly valuable properties when screening a large database. In the current study, the QSAR-based Skin Sensitization Alerts (SSA) model [18] and Skin Irritation Corrosion Rules Estimation Tool (SICRET) [19] , both implemented in open-source software Toxtree, were used to predict the skin irritancy and corrosivity of the 43 herbal ingredients of interest. The 43 constituents of three common skin-whitening herbs, A. japonica, L. aggregata and G. biloba, were docked in a human homology tyrosinase model to explore their binding affinities and modes using Surflex-Dock. According to Ye et al. [20] , these three botanical sources have greater tyrosinase inhibition ability than arbutin, with the tyrosinase-inhibition percentages of the roots of A. japonica, leaves of L. aggregata and G. biloba, and arbutin at a concentration of 2 mg/mL reported to be 78.2, 72.8, 70.0, and 48.0, respectively. In the current study, the Surflex-Dock-calculated binding scores of nine of the 43 constituents of the three plants of interest were found to be more favorable than arbutin and kojic acid, indicating that they may contain a range of high-potency tyrosinase inhibition constituents and that their skin-whitening properties may stem from a mixture of inhibitors with various binding affinities. The binding residues of the docked complexes differed in each inhibitor, and, for most of the complexes, interactions were formed between His202, Val484, Asn364, and Ala490. As Figure 2 shows, the top nine ranked constituents are gallocatechin gallate, linderagalactone c, ginkgolide c, (+)-nmethyllaurotetanine, reticuline, norboldine, ginkgolide j, pallidine, and neolinderalactone, which are primarily polyphenols or polyketones that have demonstrated ability to chelate copper in the tyrosinase active site [21] . These constituents contain various numbers of ketones and/or phenols with different functional groups, including hydroxyl, methyl, and methoxy, located in different positions of their aromatic ring ( Figure 2 ). The polarity of these multiple groups increases interaction opportunities with the amino acid residues of the tyrosinase.
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Natural Product Communications Vol. 7 (10) 2012 1289 MA -Michael acceptor, SB -Schiff base formation, AC -acyl transfer agents, S N Ar -nucleophilic aromatic substitution, S N 2 -second-order nucleophilic aliphatic substitution. Certain of the constituents investigated in this study were already known to have an inhibitory effect on tyrosinase, including flavonols, stilbenes, and catechin-related compounds. The flavonols involved in this study are kaempferol-and quercetin-correlated compounds, which are generally considered to be weak competitive tyrosinase inhibitors and to have little potential for skin-whitening or food browning prevention applications [11] . They achieved a poor tyrosinase-binding score in the current study. The stilbene resveratrol (trans-3,40,5-trihydroxystilbene), which is found in grape seeds and red wine, has been shown to have a slightly lower experimental inhibition constant value than kojic acid in inhibiting mushroom tyrosinase [22] . In our study, the binding scores of resveratrol and kojic acid were 2.54 and 3.84, respectively. SICRET predicted none of the 43 herbal ingredients to be irritants and/or corrosive, although 40 of them are indicative of at least one skin sensitization alert (Tables 1, 2, and 3).
One of the controls in the current study was kojic acid, a common anti-oxidant and skin-whitening agent in many cosmetic products that is known to inhibit tyrosinase and melanin production. Here, kojic acid achieved a binding score of 3.84 (Table 1) , and hydrogen bonds were formed with Asn364, His367, Met374, Ser380, and Ala490 ( Figure 3A ). Residues His180, Phe200, His202, Ile368, Thr373, Ser375, Gln376, Val377, Gln378, and Thr489 were involved in van der Waals interactions. The log K ow and log K p values of kojic acid were -0.64 and 9.38x10 -5 . In general, compounds with a log K ow value around 2 are considered good candidates for transdermal drug delivery, as this value indicates that they have a reasonable lipophilicity/hydrophilicity balance and can diffuse through human skin, deposit into the bloodstream, and produce systemic effects [23] . Kojic acid may thus have a low degree of skin permeability and exhibit poor diffusion through the stratum corneum and epidermis, thereby limiting its tyrosinase inhibition and skin-whitening effects.
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Similar to kojic acid, arbutin is a tyrosinase inhibitor commonly found in skin-whitening products. It occurs naturally as the β-Dglucopyranoside of hydroquinone in various botanicals, including most types of pears and the leaves of blueberries and cranberries, and is generally considered to be a safer, non-irritating, and nonmelanotoxic alternative to hydroquinone [13] . In the present study, the docked complex of arbutin obtained a binding score of 3.87, and the hydrogen-bonded residues were Glu203, Ser361, Ala486, and Ala490 ( Figure 3B ). For the van der Waal's contacts, His202, Asp317, His363, Asn364, His367, Ile368, Met374, Ser375, Gln376, Val377, Val484, and Thr489 were located in the binding mode. The QSAR-based methods, SICRET and SSA, classified arbutin as a skin non-irritant and as one of several compounds with no skin sensitization alerts. Arbutin is a weak and long-lasting radicalscavenging agent with similar antioxidant activity to hydroquinone [24] , and antioxidants have proved to be beneficial to the prevention of skin aging and various skin disorders [25] . However, arbutin is highly hydrophilic and hygroscopic, making it difficult for it to penetrate the stratum corneum and limiting its skin-whitening effect [26] . Here, arbutin obtained a negative log K ow and low log K p value, indicating strongly hydrophilic properties primarily owing to its structure, which contains six hydroxyl groups. Without additional modification of its structure or the use of a carrier, it is difficult for arbutin to penetrate the skin and reach the site of action, the epidermis.
G. biloba is one of the most commonly used herbs, and it has a long history of use in both the East and West. G. biloba contains many pharmacologically active phytochemcials, including terpenoids, flavonoids, and biflavonoids, with antioxidant, free radicalscavenging, hemodynamic, and neurotransmitter effects that may be of benefit in treating age-related disorders [27, 28] . In Germany and France, G. biloba is recommended for cerebral insufficiency and cognitive degenerative disorders, such as Alzheimer's disease [29] . In China, it is used as a skin-whitening agent and is present in a variety of TCM formulas. With regard to its adverse effects, the long-term use of G. biloba may antagonize platelet activation and aggregation and increase and induce various hepatic CYP enzymes, thereby leading to bleeding problems [30] , and there is also a strong possibility of interactions with other herbal drugs [31] . The constituents of G. biloba that are responsible for both its beneficial and adverse effects remain unknown. One of the aims of the current study was thus to predict the constituent that can penetrate the stratum corneum, reach the epidermis, and inhibit tyrosinase and melanin production. Of the 17 active constituents of G. biloba included in the study, two demonstrated a stronger binding affinity than either arbutin or kojic acid. These two potential tyrosinase inhibitors are ginkgolide c and ginkgolide j.
Docking simulation showed that ginkgolide c formed hydrogen bonds with Tyr181, Asp197, His202, Glu203, Gln378, and Ala490 ( Figure 4A ) and to structure a stable complex with van der Waal's contacts with residues Trp195, Phe 200, Ala201, Asn364, Ile368, Ser375, Gln376, Val377, Gly485, Ala486, Val487, Leu488, and Thr489, whereas kojic acid and arbutin demonstrated significantly less interaction in the same binding pocket ( Figures 3A and 3B) . Ginkgolide c and possibly its botanical source, G. biloba, thus appear to enjoy enhanced tyrosinase inhibition ability. Ginkgolide c is also one of the few compounds with no skin sensitization alerts. Furthermore, it was classified as non-corrosive to human skin by SICRET, and may produce such pharmacological effects as platelet aggregation inhibition [32] and amyloid peptide Aβ, which may be valuable in dementia treatment [33] . However, it contains three hydroxyl, three carbonyl, and four ether functional groups ( Figure  2C ), a highly polar structure with a negative log K ow and low log K p value of -2.50 and 1.16x10 -7 cm/h, respectively, which suggests a low degree of skin absorption (Table 1) . Therefore, external methods, such as iontophoresis or microneedles, are required for it to locate the active site, which may increase the risk of irritation or infection. Ginkgolide j is another highly tyrosinase-bound constituent of G. biloba. It is structurally very similar to ginkgolide c ( Figure 2G ) and features poor skin permeability (Table 1 ). In comparison with G. biloba, L. aggregata is a less commonly used herb and has been subject to less investigation. In China, L. aggregata is used primarily in the treatment of indigestion and acid eructation and for skin whitening. It contains alkaloids, volatile oils, and sesquiterpene esters [34] that have been shown to improve insulin sensitivity in diabetics [35] and to reduce inflammation and joint destruction in patients with rheumatoid arthritis [36] . In the current study, L. aggregata was found to contain the second best docked constituent of the 43 under study, namely, linderagalactone c, which is hydrogen-bonded with residues Phe200, Val377, Ala486, and Ala490 and features van der Waal's stabilization with Tyr181, Trp195, Asp197, His202, Glu203, Asn364, Ser375, Val487, Leu488, and Thr489 ( Figure 4B ). Linderagalactone c has good skin permeability and more favorable binding energy than either kojic acid or arbutin (Table 2) , thus demonstrating its potential for tyrosinase inhibition and skin whitening. However, SSA predicted linderagalactone c to cause skin sensitization through the mechanism of second-order nucleophilic aliphatic substitution.
The second best docked compound of L. aggregata was discovered to be (+)-n-methyllaurotetanine, which has been shown to demonstrate anti-tumor metastatic [37] and antiviral [38] activities. In this study, it formed hydrogen bonds with residues Glu203, Asp317, Ser361, Val484, and Ala490 and had van der Waal's interactions with Ile42, His54, Arg55, Phe59, Trp184, Ala202, Thr203, and Gly204 in the tyrosinase binding pocket ( Figure 4C ). Its binding score, log K ow and log K p values were 4.30, 2.73, and 1.24 x 10 -3 cm/h, thus indicating its potential as a tyrosinase inhibitor with reasonable skin permeability. Its structure contains Michael acceptors, a well-known indicator of skin sensitization, although a recent study found a 10-fold increase in Michael reactions to lead to only a 1.7-fold increase in skin sensitization potency in a local lymph node assay, whereas a much stronger relationship was found in other indicators, such as S N Ar and S N 2 [39] . For these reasons, the authors of this study agree that this compound has strong potential for use as a skin-whitening agent.
Another compound worth mentioning is norboldine, which is an aporphine-like alkaloid with antinociceptive and antioxidant properties [40] . Its structurally related compound, diacetyl boldine, is one of the patented ingredients of Revitol Skin Brightener, a commercial skin-whitening cream, which the literature reports to inhibit tyrosinase at the expression level with no adverse effects [41] . In the current study, norboldine obtained a high tyrosinase binding score and demonstrated reasonable skin permeability. Hence, norboldine may be the main active ingredient responsible for the skin-whitening effect of L. aggregata.
Six constituents of A. japonica were also investigated in this study, two of which achieved a similar tyrosinase binding score to arbutin and one of which achieved a higher score. A. japonica has anticonvulsive, antibacterial, antifungal, analgesic, and cooling effects, and is used in the treatment of hemorrhoids and various infectious diseases in China [42] . It is also one of the ingredients of a popular Chinese skin-whitening formula called the "Eight White Herbal Powders." An investigation carried out by Tong et al. [43] demonstrated A. japonica to exhibit stronger tyrosinase inhibition activity than the formula's eight other herbs, with IC 50 values of 0.35 mg/mL and 8.32 mg/mL in aqueous extracts and the combination of aqueous and 80% ethanol extracts, respectively. This outstanding inhibition effect may be due to the herb's three strong tyrosinase-binding constituents, gallocatechin gallate, (-)-epicatechin gallate, and schizandriside, which have binding scores of 8.36, 3.82, and 3.41, respectively ( Table 3 ). The two catechin-related compounds are also present in green tea leaves, and have demonstrated strong tyrosinase inhibition in previous research, indicating that the gallate moiety at the 3 hydroxyl position produces a further and even stronger inhibition effect [44] . Here, gallocatechin gallate formed a remarkably stable complex with the active site residues (Figure 4D) , with a binding score higher than (+)-epicatechin, which does not contain the gallate moiety (Table 3) .
Catechin-related compounds have demonstrated a variety of beneficial effects, including reduced blood pressure, reduced oxidative stress [45] , reduced triglyceride and cholesterol levels [46] , and anticancer [47] and antibacterial [48] properties. A study administering green tea extract to mice in an amount equal to 2500 mg/kg body weight/day found no adverse effects [46] . Moreover, catechin-related compounds do not induce or inhibit CYP enzymes, thus reducing the likelihood of drug interactions [49] . However, the topical use of these compounds may cause skin sensitization, as the SSA in this study reported catechin-related compounds to contain various functional groups that may trigger Michael reactions and second-order nucleophilic aliphatic substitution (S N 2) ( Table 3) . A previous animal study showed them to produce minor dermal redness in rats and Guinea pigs [46] . Another limitation of using these compounds as a skin-whitening agent is their relatively high risk of photodegradation. However, the addition of benzophenone-4 to a topical formula can significantly enhance its photostability and ability to remain on the skin for a longer period [50] . Furthermore, the use of chitosan microparticles as carriers can significantly increase skin permeation and efficacy [51] . In this study, DERMWIN indicated gallocatechin gallate to have reasonable oil and aqueous partition properties, with log K ow and log K p values of In conclusion, in the study reported herein, we predicted nine constituents from three widely used skin-whitening herbs to have superior tyrosinase-binding scores to arbutin and kojic acid, thus demonstrating their potential for skin-whitening activity. Among the nine top-ranked constituents, six originated from L. aggregata, one from A. japonica, and two from G. biloba, thus indicating that L. aggregata may have the largest number of leading inhibitors. However, many of these constituents demonstrated poor skin permeability and the potential to cause skin sensitization, which may explain why only several tyrosinase inhibitors are on the market, although hundreds have been discussed in the literature. Skin distribution, metabolism, and elimination are also important factors affecting the efficacy of any skin-whitening agent, and these factors were not considered in this study. Nevertheless, its findings provide valuable insights into the tyrosinase binding mode and affinity of various common herbal constituents. Our overall conclusion is that linderagalactone c and (+)-n-methyllaurotetanine demonstrate the most appropriate balance among tyrosinase binding energy, skin permeability, irritancy, and sensitization. These two compounds thus have the potential for further in vitro and in vivo experiments with the aim of developing high-efficacy skinwhitening agents.
Experimental procedures
In silico prediction of cosmetic whitening activity using Autodock 4.2 [9] : The atomic coordinates of ligand-free theoretical homology oxy-tyrosinase were retrieved from the ModBase database [16] . This homology structure was determined from the crystal structural template of Octopus dofleini hemocyanin (1JS8) and the target sequence of Homo sapiens using MODELLER [52] . The model was considered to be reliable for docking simulation, with an E-value of 2 x 10 -52 , model score of 0.79, and sequence identity of 20%. The 43 identified constituents of Ampelopsis japonica, Lindera aggregata and Ginkgo biloba were downloaded from TCM Database@Taiwan [10] , in which all structures were built by ChemBioOffice 2008 (CambridgeSoft, Cambridge, MA). The structures of all 43 constituents were energy minimized using the MOPAC2009 program [53] via the semi-empirical quantum mechanics NDDO method PM6 [54] .
The Surflex-Dock module implemented in SYBYL-X 1.3 was used for the docking simulations. Surflex-Dock employs a knowledgebased scoring function that has produced high-quality docking results in simulations of protein-ligand interactions in various studies of our target enzyme, tyrosinase [55] [56] [57] . Residues His180, His202, His211, His363, His367, and His390, which surrounded the two copper ions, were defined as the active sites and used to generate the dock protomol with threshold and bloat values of 0.5 and 0 A. The protein was allowed to move during the simulations, as protein flexibility has demonstrated superior accuracy to rigid protein docking [58] . The resulting binding modes of the topscoring conformers were analyzed using SYBYL-X 1.3 and LIGPLOT [59] , and figures were constructed using PyMOL [60] .
In silico prediction of skin permeability using DERMWIN [17]:
Predicting the amount of a drug absorbed percutaneously in an individual patient is challenging, primarily because of the variation in dermal appendages, thickness of the stratum corneum and rate of the cutaneous blood flow [61] . Various types of skin penetration measurements have been developed to demonstrate the dermal absorbed dose, the most common of which are the percent absorbed and permeability coefficient (K p ). Measurement of the former requires careful control of the surface area and is highly dependent on the magnitude and duration of exposure [62] . Hence, K p , which is independent of time, volume, and exposure concentration and allows cross-laboratory comparison [63] , is increasingly used. This study calculated the K p values of the 43 herbal ingredients as an indicator of their degree of systematic absorption if formulated topically.
The skin permeability of the 43 ingredients was predicted by calculating their octanol/water partition coefficient (K ow ) and permeability coefficient (K p ) values using in silico QSAR, which is preferable to animal testing, as it is more ethical, quicker, has reasonable accuracy, and can be used to screen a large number of compounds. There are many QSAR models, with different degrees of accuracy and limitations [64] . The K p values reported here were calculated using the modified QSAR model developed by Pott and Guy [65] and implemented in open-source software. 
where K ow represents the octanol/water partition coefficient and MW = the molecular weight of the compound.
In silico prediction of skin sensitization using SSA: The Skin Sensitization Alerts (SSA) module in Toxtree was used to predict the skin-sensitizing potential of the 43 herbal ingredients by identifying their reaction mechanisms with human skin proteins. Five mechanisms are implemented in the SSA module: the Michael acceptor (MA), Schiff base formation (SB), acyl transfer agents (AC), nucleophilic aromatic substitution (SNAr), and second-order nucleophilic aliphatic substitution (S N 2) [66] . These mechanisms have all documented bond formation between chemicals and human proteins that may trigger sensitization responses. SSA has correctly predicted the mechanisms of 203 out of 208 chemicals and 40 out of 44 chemicals in a local lymph node assay training dataset [66] and validation set [67] .
In silico prediction of skin irritancy using SICRET [19] : The herbal ingredients' potential to cause skin irritation and corrosion was predicted by the Skin Irritation Corrosion Rules Estimation Tool (SICRET), which was implemented in Toxtree, open-source software developed by Ideaconsult Ltd. SICRET was developed using QSARs to predict structural irritation and corrosion alerts based on the mechanism described by Hulzebos et al. [68] . Their studies show that the physicochemical properties of chemicals can cause various degrees of skin irritation and/or corrosion by various means, including dissolving skin fat, disintegrating skin, binding and/or reacting with skin components, such as proteins and lipids, penetrating the stratum corneum, and causing cytotoxic responses in the epidermis or dermis. The physicochemical properties used to estimate skin irritation and corrosion are molecular weight, LogP, melting point, water solubility, lipid solubility and surface tension. Based on these properties, SICRET classifies chemicals into seven categories: not corrosive, not irritating or corrosive, not irritating, irritating, corrosive, irritating or corrosive, and unknown.
